A central dogma in biology is the conversion of genetic information into active proteins. The biosynthesis of proteins by ribosomes and the subsequent folding of newly made proteins represent the last crucial steps in this process. To guarantee the correct folding of newly made proteins, a complex chaperone network is required in all cells. In concert with ongoing protein biosynthesis, ribosome-associated factors can interact directly with emerging nascent polypeptides to protect them from degradation or aggregation, to promote folding into their native structure, or to otherwise contribute to their folding program. Eukaryotic cells possess two major ribosome-associated systems, an Hsp70/Hsp40-based chaperone system and the functionally enigmatic NAC complex, whereas prokaryotes employ the Trigger Factor chaperone. Recent structural insights into Trigger Factor reveal an intricate cradle-like structure that, together with the exit site of the ribosome, forms a protected environment for the folding of newly synthesized proteins.
Introduction
The biogenesis of proteins by ribosomes is a fundamental and universal process refl ecting one of the last steps in the conversion of genetic information into functional proteinaceous units. In living cells several thousand different proteins are synthesized by ribosomes per minute. Immediately upon synthesis all newly produced proteins face two challenges. First, each protein must either fi nd its correct destination in the cytosol or be translocated to another cellular compartment such as the endoplasmic reticulum (ER) or the plasma membrane. Second, the protein has to properly fold into its unique three-dimensional structure to fulfi ll its biological function. Both processes (protein transport and folding) are initiated co-translationally by ribosome-associated factors that interact with nascent chains to ensure the correct fate of newly synthesized proteins. Targeting factors such as the signal recognition particle (SRP) recognize the signal sequence of secretory proteins and initiate the downstream events that allow for the translocation of a newly synthesized protein. The cellular strategy to promote proper folding of newly synthesized proteins involves a large arsenal of molecular chaperones. These proteins are found in all species and kingdoms and can be divided into two groups based on their cellular localization. Chaperones that bind post-translationally to newly synthesized proteins as soluble components of the cytosol correspond mainly to chaperones of the Hsp70/40 and Hsp60/10 categories. Others govern the fate of nascent chains on the ribosome by binding to both the ribosome and the emerging polypeptide, thereby controlling protein folding steps already during protein synthesis. The existence of ribosome-associated chaperones is a highly conserved principle in eukaryotes and prokaryotes, although the parties therein differ completely. Whereas in bacteria the chaperone Trigger Factor (TF) is the midwife for nascent polypeptide chains, protein systems such as the Hsp70-based Ssb machine and NAC (nascent chain-associated complex) in eukaryotes are among the fi rst contact partners of nascent proteins at the ribosome. In this review we will focus on the action of ribosome-associated protein factors considered to play a key role in the folding program of newly synthesized proteins, focusing on current knowledge and recent advances regarding these specialized chaperones and their site of action, the ribosome.
The ribosome
Ribosomes are huge cytosolic machines whose task it is to accurately and effi ciently assemble proteins according to genetic instructions. A bacterial cell has around 20,000 ribosomes, whilst a human cell has a few million. Cells that have high rates of protein synthesis, such as liver cells, have a particularly great number of ribosomes. The rate of nascent polypeptide elongation is remarkably high, with about 15-20 amino acids (aa) per second in bacteria and approximately 5-7 aa per second in eukaryotes. Thus an average-sized protein composed of 300 aa is synthesized within 15-60 s under optimal growth conditions in pro-and eukaryotic cells, respectively [1] . Eukaryotic, archaeal and bacterial ribosomes are closely related, despite differences in the number and size of their ribosomal RNA (rRNA) and protein components. The rRNA has the dominant role in translation, determining the overall structure of the ribosome, forming the binding sites for the transfer RNAs (tRNAs), matching the tRNAs to codons in the messenger RNA (mRNA), and providing the peptidyl transferase enzyme activity that links amino acids together during translation. The determination of the complete atomic structures of the large (50S) and small (30S) ribosomal subunits of bacterial and archaeal ribosomes provided new important insights into this advanced macromolecular machine (fi g. 1A) [2-4]. The structure of the Haloarcula marismortui large ribosomal subunit exhibits a tunnel of approximately 100 Å in length and an average diameter of 15 Å, through which the polypeptide extends while still connected to the peptidyl-transferase center [5, 6] . The dimensions of the tunnel are large enough to protect a growing polypeptide segment of 30-35 aa in length in an extended conformation from protease digestion [7] . Although a crystal structure of a eukaryotic cytosolic ribosome has not yet been published, a comparative study was performed where the cryo-electron microscopy (EM) structure of the yeast ribosome was used to extrapolate a detailed model of the eukaryotic ribosome using the existing atomic maps of the H. marismortui and Thermus thermophilus ribosomes [8] . Ribosomes of all three kingdoms display a remarkable conservation of the core ribosomal structure. The polypeptide exit tunnel is largely formed by rRNA, but has signifi cant contributions from two ribosomal proteins. In the archael ribosome, L22 and L4 protrude into the interior of the tunnel where they form, together with the RNA moieties, the narrowest constriction of the exit tunnel (fi g. 1A) [5] . In bacteria, the protein L23 similarly extends into the ribosomal tunnel [9, 10] . Until recently the tunnel was considered to be inert, not interacting with the nascent polypeptide. Recent studies, however, provided evidence that the ribosome can discriminate among certain amino acid sequences as they travel through the tunnel causing a reprogramming of the ribosome during protein biogenesis [11, 12] . In Escherichia coli, a specifi c sequence motif within the C-terminus of the SecM polypeptide (called arrest sequence, aa 150-166 of SecM: FXXXXWIXXXXGIRAGP) interacts with L22 and rRNA at the narrow restriction site within the ribosomal tunnel to cause translational arrest [11, 12] . This elongation arrest is transient and can be overcome by the binding of SecA to the exposed N-terminus of SecM to mediate its subsequent export into the periplasm. Thus, the translational arrest of SecM in E. coli provided the fi rst evidence of the interactive nature of a nascent polypeptide within the ribosomal tunnel with the purpose of regulating ribosomal activity. Since this initial observation, the regulation of ribosomal activity dependent upon internal domains of a nascent chain has also been described in eukaryotes (reviewed in [13] ). Notably, the nascent chain sequences described so far which can stall translation of the eukaryotic ribosome bear no sequence homology to the SecM sequence of bacterial cells and are involved in a multitude of different processes such as amino acid metabolism, translocation and mRNA degradation [13, 14] .
Assembly line at the ribosomal exit site
The exit site of the ribosomal tunnel (fi g. 1B) is surrounded by rRNA and a repertoire of several ribosomal proteins. Four of these proteins, L22, L24, L23 and L29, are conserved among the three kingdoms of life, whereas the L19, L31 and L39e proteins are not found on prokaryotic ribosomes. This region, where the nascent polypeptide leaves the ribosomal interior and steps into the cytosol, is of crucial importance for the correct positioning of ribosome-associated factors. It was recently discovered that the ribosomal protein L23 serves as central anchor point for the bacterial chaperone TF [15] and for the SRP particle [16] [17] [18] . Interestingly, quite a number of additional factors, unrelated to chaperones or targeting factors, can associate with ribosomes and the growing polypeptide during the early stages of protein biosynthesis. These additional factors mostly represent modifying enzymes such as the essential methionine aminopeptidase (MetAP) in pro-and eukaryotes, which removes the N-terminal methionine from nascent chains, and the N-terminal acetylases of yeast and higher organisms. These enzymes modify the nascent polypeptides co-translationally as soon as they expose their N-termini on the ribosomal surface. Thus, it is tempting to speculate that these enzymes could also occupy docking sites close to the tunnel exit. Indeed, it was suggested recently that the aminopeptidase from Mycobacterium tuberculosis might interact via a PXXP motif with the SH3-domain of the conserved L24 protein [19] , the protein located in the vicinity of to the chaperone docking site L23. It will be exciting to unravel how these different enzymes, chaperones and targeting factors, present at the interface between the ribosome and the crowded cellular environment, are coordinated in their order and mode of action to ensure the correct fate of a newly synthesized protein.
When does a protein start folding?
This question cannot yet be answered in a general way since thus far only a few model proteins have been inves-tigated and the folding program may differ for each species of newly synthesized protein. Clearly, a polypeptide chain can fi nish its folding program only after synthesis and release from the ribosome. Proteins are synthesized by the ribosome in a vectorial manner from the N-terminus towards the C-terminus. Thus the N-terminal part of the polypeptide chain already exits the ribosomal tunnel while the C-terminal portion is still being synthesized. Little is known about the conformation of the nascent polypeptide in the tunnel. The diameter of the tunnel could allow for a peptide to acquire a helical structure, but it seems unlikely that signifi cant protein folding can occur beyond such a conformation [5] . Using a different experimental approach, a recent Cryo-EM study suggests that small segments of a stalled nascent polypeptide could potentially be located within an expanded tunnel, perhaps in a globular conformation [20] . Yonath and colleagues have also recently described a crevice emanating from an early position along the ribosomal exit tunnel of the eubacterial ribosome, which they claim could be large enough to accommodate some secondary structural folds of a nascent chain and contribute to the co-translational folding of the protein or regulation of the associated ribosome [9] . However, the biological signifi cance and universal validity of these fi ndings for protein folding is unclear and must be investigated further. Several studies provided evidence that protein folding can start co-translationally during biosynthesis as soon as a polypeptide leaves the ribosomal exit tunnel [21] [22] [23] [24] . This concept was exemplifi ed in vivo by experiments demonstrating the co-translational protein folding in the cytosol of pro-and eukaryotic cells using the Semliki Forest Virus C-protein as a model system [24] . The Cprotein is the N-terminal portion of a multi-polypeptide precursor that auto-catalytically cleaves itself of its residual polypeptide as soon as it is folded co-translationally during ongoing synthesis. The overall proportion of all newly synthesized proteins that start their folding program co-translationally remains unclear. In fact, two studies discuss fundamental differences that might exist between pro-and eukaryotic organisms in their capacities to fold proteins co-translationally. This assumption was based on the fi nding that in bacteria, but not in reticulocyte lysate, the folding of newly synthesized large model proteins occurs mainly post-translationally, as shown for the artifi cial Ras-DHFR fusion protein [25] and fi refl y luciferase [26] . Therefore, it was suggested that rapid and effi cient folding of multi-domain proteins occurs co-translationally in the eukaryotic system, while the bacterial system lacks the capacity for folding these model proteins cotranslationally. However, it is not known whether this assumption holds true for the bulk of bacterial multidomain proteins. A protein's preferred mode of folding may depend on the particular folding kinetics, domain sizes and environmental conditions in which the protein is being synthesized. The action of chaperones might not only be required to promote the folding of a newly synthesized protein by minimizing aggregation or premature degradation of folding intermediates, but may also be important to prevent premature folding of nascent polypeptide chains until suffi cient sequence information is provided such that the newly made protein can form its correct domain structures. It is generally assumed that the sequential co-translational folding of domains during biosynthesis could be of particular advantage for the folding of large multi-domain proteins because it limits possible unproductive inter-and intramolecular interactions during the early folding steps [1, 21] . This is particularly important since massive macromolecular crowding in the cell (200-300 mg/ml cytosolic protein concentration) and high local concentrations of nascent polypeptides increase aggregation and interfere with productive folding in vivo [27] .
Chaperones guide the folding of newly synthesized proteins
A common feature of all chaperones is the stoichiometric and transient binding to folding intermediates. Chaperones prevent misfolding and aggregation by binding to hydrophobic patches of non-native proteins, thereby infl uencing the partitioning between productive and unproductive folding steps. Importantly, chaperones are not part of the fi nal structures of the folded proteins. Instead substrates are released from the chaperones, thereby providing non-native proteins with a new opportunity for productive folding [28] [29] [30] . Most chaperones are conserved members of the heat shock protein (Hsp) families Hsp100, Hsp90, Hsp70, Hsp60, Hsp40 and the small Hsps (the numbers indicate the typical molecular mass of the family members). In contrast, some other chaperones are not maintained throughout evolution such as the TF, which is present only in bacteria and chloroplasts, or the Hsp70/40 pair Ssz/Zuotin (Zuo) which is found exclusively in eukaryotes and does not exist in the prokaryotic world. Chaperones that assist the folding of cytosolic proteins can be classifi ed into two subgroups according to their localization [1, 31, 32] . The fi rst class is composed of soluble cytosolic chaperones that associate co-and posttranslationally with newly synthesized proteins. They predominantly include members of the Hsp60 and Hsp70 families. The second class of chaperones assemble directly at the ribosomal exit tunnel, serving as the molecular threshold which must be traversed by newly synthesized proteins as they enter into their cellular home. The key features of the second category of chaperones are their attachment to the translation machinery and their interacCell. Mol. Life Sci. Vol. 62, 2005 Review Article 2 731 tion with the nascent polypeptide during protein biosynthesis. The coupling of protein biosynthesis with protein folding via ribosome-associated chaperones seems to be an evolutionarily ubiquitous principle, although the specifi c types of chaperones utilized by different organisms in this process are seemingly unrelated.
Ribosome-associated chaperones: key players in the folding pathways of newly synthesized proteins
Ribosome-tethered chaperones have primary access to newly synthesized proteins during biosynthesis. Thus it is believed that these chaperones are of particular importance for a polypeptide to enter into its correct folding pathway. Remarkably, neither sequence nor structural homology exists between the different ribosome-associated chaperones found in prokaryotes and eukaryotes. Nevertheless, they do show intriguing functional similarities in the way that they interact with ribosomes and nascent polypeptides. They all are abundant proteins that associate with the large ribosomal subunit in a 1: 1 stoichiometry, and they can be crosslinked to a large variety of nascent polypeptides [33] [34] [35] [36] . The presence and absence of nascent chains alters the interaction of these chaperones with the ribosome, as indicated by an increased salt resistance of the chaperone-ribosome interaction in the presence of a nascent chain.
Eukaryotic ribosome-associated chaperones and their role in protein folding
To date, the yeast Saccharomyces cerevisiae is the best-studied eukaryotic system. In yeast, two different ribosome-associated systems are found which could act co-translationally in the protein folding program: the Ssb/Ssz/Zuo-triad and NAC (fi g. 2B). The fi rst system is an Hsp70/Hsp40-based chaperone system containing two Hsp70 members, namely Ssb and Ssz, and Ssz's Hsp40 co-chaperone Zuo. Ssz and Zuo form the ribosome-associated complex termed RAC (fi g. 2B) [37] . RAC together with Ssb forms the so-called ribosomal chaperone triad [38] . Inactivation of the yeast chaperone triad through deletion of either one or all of its members leads to the appearance of three phenotypes: salt sensitivity, cold sensitivity, and hypersensitivity to aminoglycosides such as paromomycin that block ribosomal protein synthesis and impair translational fi delity [37, 39, 40] . The specifi c function of the ribosome-associated triad and the molecular basis of the observed phenotypes of the yeast triad mutants are still unknown, but some clues are beginning to emerge. It was previously observed that cells lacking at least Ssb have an increased uptake of components from the surrounding medium, leading to various pleiotropic effects [41] . A recent, more detailed study fi nds that cells lacking either Ssb or Zuo have an increased uptake of cations from their surrounding environment, correlating with decreased activity of plasma membrane ion transporters [42] . Such pleiotropic defects could arise as a result of either the increased level of translational misreading occurring in these strains in the presence of aminoglycosides or the absence of a required chaperone activity provided by the triad, leading to the production of defective gene products that could either directly or indirectly disrupt cellular processes such as membrane transport. Although the exact role of the triad in co-translational protein folding remains elusive, it is likely that as a unit the triad functions as a bona fi de chaperone system since all of its members belong to classical chaperone families, notwithstanding some very interesting features which make such a chaperone system quite unique. For example, it has now been reported that Ssz does indeed regulate the activity of Zuo, and it does so independent of Ssz's ATPase activity [43] . With this assistance from Ssz, Zuo can then specifi cally and effi ciently stimulate the ATPase activity of Ssb. It is also noteworthy that unlike many chaperones that are induced in response to cellular stress, the core Hsp70-Ssb protein of the triad is not upregulated in response to stress, but rather, in accordance with a role for Ssb in protein folding at the ribosome, it is co-regulated with the ribosomal machinery [44] . The likely role of the triad as a chaperone is further underscored by recent fi ndings showing that the prokaryotic ribosome-bound chaperone TF, when expressed in S. cerevisiae, can substitute in vivo for the functions of the chaperone triad [45, 46] . TF restores the ability of yeast cells lacking the Ssb/Ssz/Zuo triad to grow in the presence of high concentrations of salts or aminoglycosides. TF rescue of these cells is dependent upon its ability to bind to ribosomes, where TF apparently binds to yeast ribosomes at L25, the yeast homolog of the E. coli L23 docking site. Furthermore, like Ssb, TF can crosslink to nascent chains generated in a yeast translation extract in vitro. Taken together, these data highlight redundant functions for otherwise non-homologous players in the protein folding program at the ribosome. Until recently, it was thought that the Ssb/Ssz/Zuo system is a specifi c adaptation of fungi since no orthologs were known in higher eukaryotic cells. However, very recently two mammalian homologs of the triad members were discovered showing that these ribosome-associated chaperones were maintained throughout eukaryotic evolution [47, 48] . The mammalian Zuo homolog MPP11 associates with ribosomes and complements the phenotype of a Zuo deletion in yeast. Moreover, Rospert and co-workers found that MPP11 forms a stable complex with Hsp70L1, a mammalian Ssz homolog, indicating the conservation of the entire RAC complex. Interestingly, mammalian scenario of this ribosome-based Hsp40/70 based system is modifi ed, albeit the general principle is maintained: the system works on nascent chains during biosynthesis. In addition to the triad, the protein complex NAC associates with both ribosomes and nascent chains (fi g. 2B). NAC is conserved throughout the eukaryotic world from yeast to humans [50] [51] [52] , where it is present as a heterodimer composed of an a-and b-subunit. NAC is also found in archaea; however, here the b-subunit is absent, and a homodimer is formed by two a components [53, 54] . Although a clear chaperone role for NAC in cells is yet to be demonstrated, it is considered here since NAC has very early access to nascent polypeptides, suggesting that at some level NAC could contribute either directly or indirectly to the folding program of these chains. In MPP11 expressed in yeast constitutes a functional Hsp40 partner for the cytosolic Hsp70-Ssa (fi g. 2B) but does not cooperate with the ribosome-bound Ssb. Obviously MPP11 does not require a ribosome-bound Hsp70 partner and may rather target cytosolic Hsp70 to the nascent chain. This assumption is supported by earlier fi ndings of Welch and co-workers showing that cytosolic Hsp70 associates with ribosome-nascent chain complexes and crosslinks to nascent polypeptides [49] . Taken together, if the RAC of higher eukaryotes can work in concert with a cytosolic Hsp70 partner, these observations are consistent with the fact that to date no ribosome-tethered Hsp70-Ssb ortholog has been detected in mammals. Although more experimental work is required to clarify this, it is tempting to speculate that in metazoans the mechanistic yeast, the deletion of the genes encoding NAC results in no obvious phenotype; however, when the a-subunit alone is present a growth defect could be observed [55] . The reason for this effect is unclear. NAC has been described to be involved in mitochondrial import of precursor proteins by having a stimulatory effect on protein targeting in vitro [51] . Moreover, it was proposed that NAC has a role in controlling the correct translocation to the ER. It has been shown that in the absence of NAC, ribosomes translating non-secretory polypeptides inappropriately interacted with translocation sites on ER membranes [56, 57] . However, owing to the lack of in vivo data to support this fi nding, this function of NAC is not generally accepted. Although the in vivo function of NAC remains obscure, NAC's general signifi cance is emphasized by the embryonic lethality of NAC mutants in mice, nematodes and fruit fl ies [58] [59] [60] .
Interaction of eukaryotic factors with ribosomes and nascent polypeptides
Among the members of the chaperone triad, strikingly only Ssb crosslinks to nascent polypeptide chains, and this critically depends on the presence of the Zuo/Ssz (RAC) complex, which is believed to serve as the cochaperone of Ssb [34, 38, 40] . Zuo tethers Ssz to the ribosome, whereas Ssb contacts the ribosome autonomously [34, 37, 39] . NAC's association with the ribosome in eukaryotes is exclusively mediated by its b-subunit. Deletion of the N-terminal 11 amino acid residues of bNAC in yeast results in the loss of ribosome association and cellular mislocalization [61] . Whereas the b-subunit is responsible for the association of NAC with the ribosome, both subunits were shown to crosslink to very short nascent polypeptide chains [36] . Structural data about the triad and the eukaryotic NAC complex is still lacking, but very recently the crystal structure of the archaea aNAC homolog, aeNAC, was published [53] . Consistent with protein domain predictions, the aeNAC structure reveals two major structural features: the NAC domain and a UBA (ubiquitin-associated) domain. The NAC domain shapes a novel protein fold responsible for homodimerization of aeNAC and is therefore also likely to be responsible for heterodimerization of the complex in eukaryotes. UBA domains, forming a compact three-helix bundle with a conserved hydrophobic patch on their surface, were initially identifi ed in proteins such as ubiquitin ligases and other proteins linked to the ubiquitin/proteasome pathway [62] . The eukaryotic aNAC, but not bNAC, also contains such a UBA domain. The presence of a UBA domain in NAC is intriguing since the published functions of this domain are multifaceted. UBA domains can clearly interact with various ubiquitin moieties (for review, see [63] ). In this way, proteins containing UBA domains can contribute to the folding program of a nascent polypeptide by providing a direct link to the ubiquitin/proteasome pathway that can clear cells of misfolded proteins. Indeed, co-translational ubiquitination of nascent chains was previously described [64, 65] . Alternatively, UBA domains have also been described to contribute to the dimerization of complex molecules and to protein-protein interactions in general (see [63] and references therein). The functional relevance of the UBA domain present in the NAC complex is therefore a topic of great interest.
Prokaryotic ribosome-associated chaperone TF
Although nature has clearly employed the strategy of associating chaperones with ribosomes across all kingdoms (fi g. 2A, B), the structural and mechanistic principles of these proteins appear to differ. The ribosome-associated chaperone TF is found in almost all bacteria and in chloroplasts but is absent from the cytosol of archaea and eukaryotes. As the best-studied ribosome-associated chaperone, TF is discussed in detail below as an example of how protein synthesis and folding can proceed efficiently as a coupled process.
In vivo role of TF in protein folding
The role of TF in protein folding was elucidated a few years ago by investigating an E. coli strain that lacks the TF encoding gene tig [66, 67] . Surprisingly, these cells exhibited neither any obvious growth phenotype nor any misfolding of newly synthesized proteins. Most likely this observation can be accounted for by the subsequent compensatory induction of the heat shock response leading to increased steady state levels of other chaperones, including DnaK, and proteases in these ∆tig cells [68] . The simultaneous deletion of the tig and dnaK genes leads to synthetic lethality at 30 °C and above [66, 67] . Thus, either TF or DnaK is suffi cient for cell viability at permissive temperatures, but the loss of both leads to cell death, indicating that these two chaperones cooperate in the folding of newly synthesized polypeptides. In wildtype E. coli cells about 5-18% of newly synthesized proteins interact transiently with DnaK (fi g. 2A). This level increased two-to three-fold (26-36%) in the absence of TF, indicating that upon the loss of TF the cells make more intensive use of the DnaK chaperone [66, 67] . Thus DnaK may serve as a potent supporting system in the absence of TF. Moreover, when both TF and DnaK are absent, recent studies have demonstrated that some cells can cope with this loss by utilizing SecB and GroEL/ES chaperones as further backup systems [69] [70] [71] . The depletion of DnaK in the absence of TF leads to the massive aggregation of more than 300 cytosolic proteins in E. coli: approximately10 % of total cellular cytosolic 2734 R. D. Wegrzyn and E. Deuerling Ribosome-associated chaperones proteins are aggregation-prone at 37 °C, whereas only about 1% of the cytosolic proteins aggregated in cells depleted of only DnaK [68] . While the total amount of aggregated proteins differed signifi cantly in DnaK-depleted tig + and tig -cells, the aggregation-prone protein species in these cells were similar, suggesting that TF and DnaK share overlapping substrate pools. The aggregated protein species found in cells lacking TF and DnaK range in their molecular weights from 16 to 167 kDa and include many essential proteins such as the elongation factor EF-Tu and the RNA-polymerase subunit RpoB, which could explain the synthetic lethality of ∆tig∆dnaK mutant cells. These aggregation-prone proteins do not show any common features regarding pI or their specifi c secondary structural elements, with the exception of a number of large multi-domain proteins. The enrichment of large-sized multi-domain proteins (>60 kDa) among those folding-incompetent protein species indicate that the size or domain composition of a protein is one crucial factor that determines a protein's chaperone requirement during de novo folding. How could TF and DnaK, which work by completely different mechanisms, cooperate in the chaperoning of a newly made protein? A possible explanation relates to the fi nding that TF and DnaK reveal overlapping features of their substrate binding motifs. The TF binding motif consists of eight amino acids enriched in basic and aromatic residues. The placement of such residues within this motif seems to be arbitrary [72] . DnaK recognizes a related, but not identical, binding motif. This chaperone recognizes a short stretch of fi ve amino acid residues with hydrophobic character, among which leucine is especially favored. This hydrophobic core is fl anked by positively charged amino acids, whereas negative charges are excluded [73, 74] . TF and DnaK thus have an affi nity for hydrophobic and positively charged stretches within proteins [72, 75] . The redundancy in binding specifi city of these two chaperones, despite their different mechanisms of action, allows for the protection of similar hydrophobic stretches in unfolded protein species and therefore promotes the folding of the same substrate pool. TF structure and ribosomal localization E. coli TF consists of 432 amino acids with a molecular weight of 48 kDa and is composed of three domains (fi g 1C). The N-terminal domain of TF (aa 1-148) is necessary and suffi cient for the specifi c binding of TF to ribosomes [76] . Within this N-domain, a highly conserved GFRXGXXP motif termed the TF signature is essential for its ribosome interaction [15] . Mutation in this TF signature motif results in a strong ribosome-binding defi ciency. Importantly, the docking of TF to the ribosome via this signature motif is essential for its interaction with nascent chains. L23, one of the universally conserved proteins surrounding the exit site of the ribosome, serves a docking site for TF. Point mutations of residues on the cytoplasmically exposed surface of L23 decrease TF's ribosome binding and lead to synthetic lethality at 37 °C in cells lacking the DnaK backup system. The second TF domain (aa 149-245) carries a catalytic activity as a peptidyl-prolyl cis/trans isomerase (PPIase) and has homology to the FKBP (FK506 binding protein) type of PPIases. The contributions of this domain to TF's function in de novo folding of proteins is puzzling since mutations in this domain, either point mutations diminishing the catalytic PPIase activity or deletion of the entire domain, still display chaperone activity in vivo comparable to wild type TF [71, [77] [78] [79] . The C-terminal domain (aa 246-432), which constitutes nearly half of the TF protein, reveals no homology on the amino acid level to any other protein [80] . Deletion of this domain severely decreases TF chaperone activity in vitro and in vivo [71, 77, 78] , indicating that this domain itself participates in substrate binding. Very recently, the crystal structure of E. coli TF [81] [82] [83] [84] , as well as that of an N-terminal TF fragment bound to Haloarcula marismortui 50S, were solved [81] . This structural study revealed the unusual extended shape of the TF molecule (fi g. 1C). The N-terminal ribosomebinding domain builds the tail of the molecule, whereas the second domain in the linear sequence of TF harboring the PPIase activity is located at the head of the molecule, and is connected to the tail with an 80-Å-long linker that extends along the back of the TF. The a-helical C-terminal domain inserts between the fi rst and the second domain in the three-dimensional structure to build the back and the arms of TF. The remarkable result is a large cavity formed between the N-terminal ribosome binding tail and the C-terminal arms. The interior of this cradle is characterized by the exposure of numerous hydrophobic side chains offering multiple contact sites for an unfolded polypeptide chain.
Model for the TF mechanism
The accurate placement of full-length TF on the ribosome could be deduced based on the crystal structure of a complex between the E. coli N-domain of TF and the H. marismortui 50S subunit, thus providing new insights into how TF may promote the folding of newly made proteins during biosynthesis [81] . By binding to the ribosome via L23, TF hunches over the polypeptide exit of the ribosome and exposes the sticky, hydrophobic inner face of its cradle towards the area where the nascent polypeptides emerges from the ribosome. These structural insights, in agreement with existing evidence demonstrating the role of the cradle as the major substrate binding site of TF [78] , suggest that TF provides a shielded folding environment for nascent polypeptides Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 2 735 with its hydrophobic cradle, ideally positioned on top of the ribosomal exit site for the capture of emerging chains. Newly made proteins are synthesized into the TF cradle, protected from unproductive interactions such as aggregation or premature degradation (fi g. 1D). What is the fate of a nascent chain that is captured underneath TF? Two alternative models are plausible which are not mutually exclusive and may depend on the particular substrate synthesized at the ribosome. The fi rst model suggests that the nascent chain stays inside the cradle, and this allows for the formation of a folded core or domain as soon as suffi cient folding information is synthesized (fi g. 1D). In the second model, the nascent chain does not fold underneath TF, but rather TF serves as a protective shield preventing unproductive interactions or untimely degradation of the nascent chain. In support of the fi rst model, the crystal structure of TF indicates that the cradle can accommodate protein domains of at least 15 kDa. The average size of a domain is between 100 and 130 aa, corresponding to 11 and 14 kDa, respectively. It is thus tempting to speculate that the TF cradle would be ideally sized to support the cotranslational domain-wise folding of many large multidomain proteins (fi g. 1D). This assumption is in agreement with the fi nding that the isolated cradle domain, corresponding to a TF molecule that lacks the PPIase domain, constitutes the major substrate binding site of TF and exhibits almost wild-type-like chaperone activity in vivo and in vitro [71, 78] . A recent study showed that when TF was added to an in vitro E. coli-based translation system where the model substrate luciferase was synthesized, folding was delayed, yet the total yield of active protein was greater than in the absence of TF [26] . However, it should be noted that fi refl y luciferase has two domains of approximately 22 and 40 kDa and could perhaps belong to a class of substrates that, rather than being folded underneath TF, are protected from premature unproductive folding. It is unclear whether, in either scenario, the nascent chain traverses the arms towards the PPIase domain by multiple rounds of binding and release within TF. In both models TF would interact with its substrate via multiple transient hydrophobic contacts of low affi nity, and such interactions may initially prevent the immediate folding of the nascent chain. This is in agreement with a recent fi nding that TF retards the folding of nascent polypeptides both in vivo and in vitro [26] . Furthermore, the question remains, how is the interaction between TF and the nascent polypeptide is disrupted? Perhaps, as soon as a nascent domain folds, hydrophobic interactions between the substrate and TF are lost and the folded domain is then released from the chaperone. It is also feasible that the folding process may generate a mechanical force that strips TF from the emerging polypeptide chain. Intensive investigation is currently underway to reach the ambitious goal of dissecting the mechanistic pathway and kinetics of TF action on nascent substrates.
Integration of ribosome-associated chaperones into a robust cytosolic chaperone network
Although the mechanistic principles of protein folding at the ribosome have not been clarifi ed in detail, it is known that once different nascent polypeptides leave the ribosome, they may utilize different paths along an integrated chaperone network in order to achieve their mature folded status. In bacteria, TF potentially interacts with all nascent chains emerging from the ribosomal exit tunnel (fi g. 2A) [35, 85, 86] . After release from TF, the nascent polypeptide can start or continue its folding to the native state [26, 87] . Small proteins that show fast folding kinetics in vitro may not require further guidance from additional chaperones to fold into their native structures. In contrast, multi-domain proteins have been shown, at least in vitro, to fold more slowly and to become trapped in non-native aggregation-prone conformations. Such proteins may need further assistance by ATP-consuming chaperones at downstream steps along the folding pathway and would constitute typical substrates for the DnaK (Hsp70) and GroEL (Hsp60) chaperone systems [1, 31] . In the bacterial cell, the majority of the GroEL chaperone machinery associates with newly synthesized proteins almost exclusively after their release from the ribosome, functionally distinguishing GroEL from the DnaK chaperone, which associates with both nascent and released polypeptides [66-68, 88, 89] . Based on the observation that GroEL/ES can rescue cells from depletion of both TF and DnaK [70, 71] , it was suggested that in the absence of these factors GroEL/ES might be able to interact in a direct way with nascent polypeptide chains. New experiments now reveal that GroEL can indeed stably and productively interact co-translationally with nascent model substrates that are bound to the ribosome in vitro [90] , adding to the general complexity of chaperone factors associated with the ribosome. Under most cellular conditions, it is agreed that the location of TF immediately adjacent to the ribosome exit tunnel places it upstream of DnaK and GroEL with regard to nascent chain interaction [15, 81] . Downstream of TF, DnaK and GroEL form a functional network in which substrates may be transferred bidirectionally from one chaperone to the other, through a soluble intermediate [91] . The situation in the eukaryotic cell is similar (fi g. 2B) in that chaperones and factors which are directly bound to the ribosome, namely NAC, RAC and Ssb in yeast, would be the fi rst to encounter emerging nascent polypeptides. In contrast to the bacterial scenario where only the TF chaperone interacts with nascent polypeptides, a multitude of ribosome-associated factors discussed herein 2736 R. D. Wegrzyn and E. Deuerling Ribosome-associated chaperones are likely to interact with growing nascent chains in the eukaryotic cell. However, it is unclear whether these factors interact in hierarchical manner with nascent chains and whether these factors display specifi c functions for a particular subset of nascent polypeptides. One pressing current goal of the fi eld is to investigate the hierarchical activities of these molecules by trying to determine where exactly NAC, RAC and Ssb bind near the ribosomal exit tunnel. Downstream of the ribosome-associated factors, cytosolic chaperone players such as the eukaryotic GroEL counterpart TriC/CCT [92] [93] [94] , the Hsp70-system [95] and GimC/prefoldin, a chaperone specifi c for the folding of actin and tubulin [96, 97] , are further required for de novo protein folding. Like their prokaryotic counterparts, the bidirectional shuttling of substrates between various different cytosolic chaperones also occurs in eukaryotes.
As not every chaperone can appropriately handle every substrate, and indeed the proper folding program of a protein is likely to require a different sequence of productive interactions, the different chaperones sample the various substrates to some degree so that the appropriate clients are selected. Using an in vitro coupled transcription-translation and photo-crosslinking system, it has now been demonstrated that emerging polypeptides interact with specifi c subunits of the oligomeric TriC/CCT chaperonin co-translationally, and the nature of these interactions changed in a nascent chain length-dependent manner [92] . This suggests that differential substrate specifi city exists even among the different subunits of such a chaperone machine, and when the local concentration of a potential substrate is high, in this case with cytosolic TriC/CCT positioned near the nascent chain which exits the ribosomal tunnel, TriC/CCT can sample a multitude of emerging potential substrates in search of its proper client proteins. In this way the eukaryotic system, employing hetero-oligomeric TriC/CCT, has obtained an additional level of complexity over the homo-oligomeric GroEL chaperonin of prokaryotes.
Perspectives
As summarized here, recent advances regarding the role of ribosome-associated factors in protein folding bring us closer to understanding how cells utilize an ensemble of different proteins to coordinate the processes of protein synthesis and folding. It is becoming clear that the concerted effort of ribosome-associated and downstream cytoplasmic factors is in many cases required to achieve properly folded and functional molecules. The eukaryotic and prokaryotic worlds have used both similar (chaperonins and DnaK homologs) and unrelated (bacterial TF and the yeast Ssb/Ssz/Zuo triad) strategies to achieve the same functional goal. It is with great excitement that we look forward to the next challenges in this fi eld, which include the detailed mapping of the docking sites of ribosomeassociated factors on the ribosome, clarifi cation of the mechanistic principles of ribosome-bound chaperones, insight into the hierarchical processes that govern protein folding in the cell, and genetic or environmental factors which allow the re-programming of these processes.
